I Introduction

I.1 Vasculogenesis
It is widely assumed that adhesion-based activities such as exertion of traction and compressional forces, shape-change and motility are the physical means by which tissues and organs are formed (Trinkaus, 1984; Forgacs and Newman, 2005) . However, our knowledge is limited about how collective cell behavior creates a specific physical tissue or organ (Keller et al., 2003) .
Vasculogenesis of warm blooded vertebrates, the formation of a primary vascular pattern from mesodermal-derived precursors (angioblasts), is an excellent system in which to address tissue pattern emergence. In bird embryos, well before the onset of circulation, hundreds of essentially identical vascular endothelial cells create a polygonal network within a relatively uncomplicated, sheet-like anatomical environment . Each link in the polygonal network is a cord consisting of 3-10 endothelial cells (Drake et al., 1997) .
It has been known for nearly a century that endothelial cells differentiate from solitary angioblasts within the avian embryo (area pellucida) (Reagan, 1915; Sabin, 1920) . Committed angioblasts display a random spatial distribution within the mesoderm, without an observable preexisting pattern at length scales comparable to that of the future primary vascular polygons (Drake et al., 1997) .
Vasculogenic processes may also occur in certain pathophysiologies. Recent data provided evidence that vascular endothelial cell progenitors exist in the adult and may become bloodborne, enter extravascular tissues, and promote de novo vessel formation (Zammaretti and Zisch, 2005; Rumpold et al., 2004) . For that reason, endothelial progenitors, mobilized in situ or transplanted, are a major target of therapeutic vascularization approaches to prevent ischemic disease and control endothelial injury. Moreover, endothelial progenitors represent a potential target for strategies to block tumor growth, and a requisite mechanism for tissue engineering (Wu et al., 2004) . The capacity of less than fully differentiated cells to assemble into vascular-like tubes is also manifested in various tumors. Best characterized are highly malignant melanomas in which tumor cells are assembling into tubes to secure blood supply (Hendrix et al., 2003) . Thus, arguably, the least understood and most important question facing vascular developmental biologists and tissue engineers today is -what are the general principles guiding morphogenesis of an endothelial tube network?
I.2 Self-organization vs genetic hard-wiring
Conventional models of vasculogenesis often assume that endothelial cells migrate to pre-and well-defined positions following extracellular guidance cues or chemoattractants (Ambler et al., 2001; Cleaver and Krieg, 1998; Poole and Coffin, 1989) . However, the capacity of endothelial cells to form a polygonal pattern is preserved in various in vitro systems, where the presence of a genetic pre-pattern is unlikely. The mouse allantois, when explanted, forms a vascular network very similar to the primary vascular pattern (LaRue et al., 2003) -instead of a pair of umbilical vessels. Similarly, a polygonal vascular network emerges when endothelial cells are placed in three dimensional collagen gels (Montesano and Orci, 1985; Davis et al., 2000) . We argue that the ubiquitous polygonal networks are self-organized in the sense that we do not expect a direct correspondence between gene expression patterns and the position of individual segments within the primary vascular network.
This concept of self-organization is markedly different from that of genetic hard-wiring. During insect segmentation the position and identity of body segments is directly correlated with a gene expression pattern. Similarly, genetic pre-patterning is clearly involved in the determination of major vessels in the developing vascular network. In fish, where the major vessels assemble directly, without forming an intermediate vascular plexus, specific vascular malformations are correlated with genetic defects (Weinstein, 1999) . Thus, endothelial progenitors presumably respond to various environmental cues, including the presence of other endothelial cells as well as genetically pre-programmed "zip codes".
I.3 Theories of self-assembly
Various hypotheses are proposed to explain the self-organized aspect of vasculogenesis. The mechano-chemical mechanism assumes cells to exert mechanical stress on the underlying substrate, and the resulting stress to guide cell motility (Murray et al., 1998; Murray, 2003) . A variant of the mechano-chemical model proposes that angioblasts first segregate into compact clusters and engage the surrounding ECM fibers. As a result of traction forces, ECM bundles develop, which in turn later route the motile primordial endothelial cells between clusters (Drake et al., 1997; Manoussaki et al., 1996; Vernon et al., 1995) .
A recent body of research focused on pattern emergence based on autocrine chemotactic signaling Serini et al., 2003) . The suggested chemoattractant, VEGF 165 , is unlikely to fit the model assumptions in embryonic vasculogenesis as VEGF 165 is expressed throughout the embryo except in endothelial cells Poole et al., 2001) . However, patterning guided by an unspecified chemoattractant continues to serve as the basis of biologically plausible models resolving individual cells (Merks et al., 2006) as well as freely diffusive or matrix-bound chemoattractants (Bauer et al., 2007) .
Recently we proposed that mechanical effects may also modulate cell migration guided by adjacent cells, a view we will further explore in chapter III.
II Empirical data, in vivo
Most of the experimental biology underpinning the mathematical models has relied on in vitro studies. However, vascular morphogenesis occurs at times and places in avian embryos that are readily observed and manipulated in vivo (Little and Drake, 2000) . Due to recent improvements in digital microscopy, it is now possible to address directly how new blood vessels form de novo (Czirok et al., 2002; Rupp et al., 2003a) . Scanning time-lapse microscopy allows both the global (tissue-scale) and local (cell-autonomous) characterization of primordial endothelial cell behavior during the initial stages of avian vasculogenesis.
Endothelial cells are tracked by use of microinjected and fluorochrome-conjugated QH1 antibodies, specific for quail vascular endothelium (Pardanaud et al., 1987) . At each time point images can be taken in multiple optical modes: one for QH1 fluorescence, another visualizing the extracellular matrix (ECM) environment by using an immunolabelled ECM component. A third image, bright field or differential interference contrast (DIC), is also acquired to provide an anatomical frame of reference. The resulting images are aligned such that certain anatomical reference points, e.g. the intersomitic clefts remain stationary. Furthermore, due to the availability of images from multiple focal planes, no object is lost or rendered out of focus.
II.1 Vascular drift
Early vasculogenesis is a time of vigorous rearrangements in the embryo, with parallel processes occurring at various length scales from the migration of individual cells to global morphogenic events, such as gastrulation or neurulation. These tissue movements, which can be mapped using ECM fibrils as passive tracers , profoundly influence vascular pattern formation. As Rupp et al. (2004) and Fig. 1 demonstrates, there is a substantial medial movement of the forming vascular plexus, a phenomenon predicted by Coffin and Poole (1988) . This process, vascular drift, was shown to occur within almost the entire nascent vasculature. A comparison of changes in JB3 anti-fibrillin 2 (Rongish et al., 1998) and endothelium-specific QH1 immuno-fluorescence reveals that the motion of vascular segments is largely coincident with the global tissue flow accompanying gastrulation and elongation of the notochord (Fig. 1) . Therefore, vascular structures appear as embedded in a mechanical continuum.
Morphogenetic flows in the embryo have a profound impact on tissue structure. One experimentally accessible measure of tissue structure is its two-dimensional (2D) ECM-or cell density. This measure gives the number of objects, projected onto a frontal plane, per unit area. As we demonstrated (Czirok et al., 2006) , morphogenetic movements accumulate tissue components around the somites. This increase in 2D density can reflect both an accumulation of cells and ECM, and a general expansion in tissue thickness. As Fig. 2 demonstrate, large-scale tissue movements indeed accumulate endothelial cells. As there is a strong correlation between 2D cell density and network morphology (LaRue et al., 2003) , changes in endothelial cell density are associated with structural rearrangements of the vascular network. The most frequently observed manifestation of a structural rearrangement is vascular fusion (Drake and Little, 1999) , whereby distinct polygons fuse to form a common lumen, as in the case of large vessels such as the sinus venosus, or the dorsal aortae (see Fig. 1 of Rupp et al. (2004) ). Tissue displacements also alter network morphology by imposing substantial strain along the embryonic axis aligning the segments of the nascent plexus (Fig. 2 ).
II.2 Vasculogenic sprouts
Endothelial cells are also capable of active motion, relative to their ECM surroundings. The early vascular plexus is characterized by disconnected endothelial clusters. To establish the network, endothelial cells send out extensions across the avascular ECM. As demonstrated in Fig. 1 , the protrusions (vasculogenic sprouts) typically move medially, and much faster than the drift of the ECM. This type of protrusive behavior is reminiscent of angiogenic sprouting, a process thought to be characteristic of later vascular development.
As analyzed in detail by Rupp et al. (2004) , vasculogenic sprouts can contact neighboring extensions and thus establish endothelial cords. A stabilized protrusion may later be reinforced by subsequent addition of cells -making thereby new vertices and segments in the primary vascular pattern. As sprouts can extend hundreds of micrometers ( Fig. 3) , they are presumably multicellular structures and thus sprout extension involves the coordinated activity of several (3-10) endothelial cells. Conversely, existing connections are also observed to retract, albeit with much less frequency.
The empirical motility data thus reveal that protrusive activity or sprouting is the mechanism used to generate new vascular cords resulting in the polygonal vascular pattern. Only a small fraction of endothelial cells exhibit this type of protrusive behavior, and within a well-defined developmental stage (Rupp et al., 2004) . Furthermore, simultaneous monitoring of endothelial sprouts and changes in the surrounding ECM configuration revealed no evidence for sprout guidance by local ECM deformations (Fig. 1 ) -in contrast with the predictions of the mechano-chemical models.
II.3 Cell-cell adhesion
By subtracting the overall medial drift of the vascular pattern, trajectories of individual endothelial cells, relative to the surrounding endothelial structures, can be established (Fig. 4) . Each labeled cell can be traced back either to a cluster of endothelial cells or to an avascular area, where they appear de novo. These newly recruited cells move quickly until incorporation into an existing vascular structure occurs. Once part of a vascular cord, their speed is usually reduced, and when moving, they remain in close vicinity of other endothelial cells. The course of individual motile cells was found to be highly persistent along the vascular segments. There is a significant variation of motile activity within the endothelial cell population, as the substantially differing trajectories demonstrate.
Most endothelial cells move in a medial direction (Rupp et al., 2003b (Rupp et al., , 2004 , which is also preferred by vasculogenic sprouts. This combination of medial migration along vascular segments and medial sprouting increases the apparent speed of vascular drift above that of tissue movements (Rupp et al., 2004) . This increase occurs despite the fact that the vascular structure is embedded into, and moves with, the surrounding ECM as Fig 1 demonstrates . The two types of endothelial cell motility (sprout vs. individual) differ mainly with respect to their substrates: while the protrusive activity is integrin dependent and requires an active engagement of the ECM (Rupp et al., 2004) , endothelial cell motility along existing vascular structures appears to rely more upon vascular endothelial (VE)-cadherin mediated cell-cell interactions (Perryn et al., in preparation; PhD dissertation, 2006) .
III Elongated structures, in vitro
The formation of linear segments via sprout-like activity, however, is not restricted to vascular endothelial cells (Szabo et al., 2007) . As Fig. 5 demonstrates, non-vascular C6 cells, along with muscle-or fibroblast-related cells (data not shown) also exhibit linear structures when grown on a rigid plastic tissue culture substrate in the presence of a continuously shaken culture medium. Depending on the cell density, the linear segments merge and form a network. Compared to the primary vascular pattern, the resulting network appears to be more irregular due to the wider distribution of cell-free areas or segment lengths and widths. Nevertheless, the distribution of cells is far from random, and favors linear configurations.
The non-random placement of cell bodies can be characterized by the following morphometric procedure for local anisotropy. A diffusive process is started from various points of the segmented, and subsequently smoothened (long pass-filtered), image (see the diagram in Fig. 6 ). The selected point acts as steady point-source of the diffusive field. The diffusion coefficient is zero below a concentration threshold, thus a well-defined front emerges which encloses a gradually increasing area around the point source. The growing area is characterized by the principal moments of its inertia, λ 1 and λ 2 , where λ 1 > λ 2 . If the area is circular or isotropic, these principal moments are of a similar magnitude. In contrast, highly elongated anisotropic structures result in dissimilar principal moments. The area is grown until its width, λ 3/8 2 λ −1/8 1 , reaches a pre-defined value, the typical width of a single cell. The local anisotropy of the location at the point-source is then characterized as λ 1 /λ 2 . Repeating the procedure for various positions results in an anisotropy map, as shown in Fig. 5c .
To correlate the average anisotropy index with local cell density, anisotropy maps were obtained from 15 independent microscopic fields of C6 cells. Cell density was characterized by the local volume fraction (area covered by cells on the segmented image, divided by the size of the local area). For convenience, the volume fraction values are rescaled such that a confluent cell layer has a relative volume fraction value of 1. As Fig 5d reveals , areas with high cell densities have an isotropic structure. Very low cell densities prohibit the formation of multicellular clusters. Between these two extremes, at 20% confluency (relative volume fraction 0.2), cell arrangements have a significantly higher anisotropy index (p < 0.01) than in the corresponding randomized sample where each cell body is randomly placed, without overlaps, within the same area.
IV Mathematical model of sprout formation
As shown in section II and by Szabo et al. (2007) , linear multicellular structures form via sprouting both during in vivo vascular patterning, and in simple in vitro cell cultures. Patterning through sprouting is markedly different from the gradual coarsening of an initially uniform density field, and its possible arrest, characteristic for colloid gels (see, e.g. (Foffi et al., 2005) ) or for several models proposed to describe vasculogenesis. In particular, a "frozen" pattern was reported to gradually emerge, with an increasing spread in cell density, in the mechano-chemical model (see Fig. 6 , of Manoussaki et al. (1996) , or Fig. 7 of Namy et al. (2004) ). Gradually increasing avascular area sizes were reported in the autocrine chemoattractant model (Fig. 1 of Serini et al. (2003) ). Except for a recent model with autocrine chemotaxis and contact inhibition (Merks et al., 2007) , none of these models were reported to produce sprouts -most likely because they aimed to reproduce a specific in vitro model system where endothelial cells are placed on the surface of a malleable gel (Vernon et al., 1995) .
While both the mechano-chemical and chemoattractant mechanisms may be biologically relevant under certain circumstances, neither mechanism is expected to operate within the simple in vitro experimental setup of Section III. The rigid substrate excludes the mechano-chemical mechanism. A specific chemotactic response is unlikely to be shared by such a variety of cell types. Finally, convection currents in the culture medium, generated by temperature inhomogeneities within the incubator and the vibrations of microscope stage motion, are expected to hamper the maintenance of concentration gradients, or impose a strong directional bias upon the chemotaxisrelated cell movements (Szabo et al., 2007) .
Motivated by the empirical observations on sprout expansion guided by adjacent projections of other cells or elongated multicellular structures, recently we proposed that multicellular sprouting may employ a general mechanism, the preferential attraction to elongated structures. While the molecular basis of such a behavior is unknown, one may conjecture that cells in elongated structures are under mechanical tension, and strained cells can have a stiffer cytoskeleton (Xu et al., 2000) . Cells are able to respond to variations in extracellular matrix stiffness (Gray et al., 2003) , and an analogous mechanotaxis utilizing cell-cell contacts is also feasible. For example, VE-cadherin, a major cell-cell adhesion receptor of vascular endothelial cells, was recently shown to be incorporated in cell surface mechano-sensing complexes (Tzima et al., 2005) .
IV.1 Equation of motion
To assess the collective behavior of cells exhibiting the proposed preferential attraction property, a simple model was studied in which individual cells were represented as particles. Cell motility is often approximated as a persistent, Ornstein-Uhlenbeck diffusion process (Stokes et al., 1991; Selmeczi et al., 2005) , where the velocity v k of cell k is described by the Langevin equation
where τ and D are parameters specifying the persistence time and the randomness of motion, respectively. The variable ξ represents an uncorrelated white noise: ξ = 0 and ξ k (t)ξ l (t ) = δ kl δ(t − t ). Term M is a deterministic bias, representing interaction with the environment, that is, with adjacent particles.
While Eq.(1) describes the motion of a Brownian particle at finite temperatures, animal cell motility is driven by complicated molecular machinery, and it is not thermal fluctuation driven. Thus, parameters τ and D depend substantially on cell type and molecular state. Measurements performed with non-interacting endothelial cells and fibroblasts resulted τ and D values in the 0.1 − 5 h and 100-2000 µm 2 /h 3 range, respectively (Dunn, 1983; Stokes et al., 1991) .
IV.2 Interaction with the environment
Interactions among mobile agents are usually modelled as a sum of pair interactions (Helbing, 2001) . In this spirit, M is factored into
where the sum is taken over the Voronoi neighbors of particle k, and d kj = | x j − x k | (see Fig. 7 ). The repulsion term f 1 ensures that model cells are impenetrable. The range of repulsion is the size R 1 of the organelle-packed region around the cell nucleus. The preferential attraction response is incorporated in the f 2 term. Cells are expected to explore their surroundings with protrusions as proposed by Flamme et al. (1993) , and respond when protrusions contact elongated structures. Filopodia typically extend from R 2 , the cell surface (R 1 ≤ R 2 ), to a maximal distance of R. Thus,
We estimate R 1 = 10µm, R 2 = 30µm and R = 40µm. These values, however, can vary by at least a factor of two, depending on the cell types, shapes and experimental conditions. There is little empirical guidance on the choice of functions f 1 and f 2 . Among other functions, Szabo et al. (2007) 2 . These values represent a strong response to external cues: the ratio of the directed and random velocity components is Bτ / √ Dτ ≈ 3. As a comparison, a similar measure for chemotactic response of endothelial cells was found slightly larger than one (Stokes et al., 1991) .
In the case of generic cell adhesion (w k = 1/2) the model was reported to behave as a twodimensional, colloid-like system (Szabo et al., 2007) . Most colloid systems with large enough attraction range exhibit transient gels; the pattern coarsens and eventually collapses into globular clusters (Butler et al., 1995) . This behavior is indeed exhibited by some cell types, as cell sorting experiments demonstrate (Beysens et al., 2000) .
For the sake of simplicity, cell shape is not explicitly resolved in the model. Therefore, elongation or local anisotropy is inferred from the configuration of particles. To represent an attraction to cells within anisotropic structures, the weights w k are constructed as
where the sum is taken over all n k particles that are within a circle of radius R around particle k. The angle between x k − x j and an arbitrary reference direction is denoted by ϕ jk . Thus, w = 0 for particles in an isotropic environment and w = 1 for particles in a highly elongated, linear configuration. Non-uniform weights result in asymmetric pair-interactions, which is feasible as M represents a bias in cell activity instead of physical forces.
IV.3 Simulation results
When the initial condition is a single, dense cluster, stable branches form and elongate, reminiscent of the sprout formation observed in vivo or in vitro (Fig. 8) . If the particles are randomly positioned at t = 0, then long, linear arrays form after an initial coarsening process (Fig. 9 ). At sufficiently high particle densities the linear segments interconnect and form a polygonal network (Fig. 10) . After the initial transient the pattern becomes quasi-stationary: the generation of new branches balances the surface-tension driven coarsening and elimination of holes. The characteristic pattern size was found to be insensitive to the cell density (Szabo et al., 2007) , in good agreement with the somewhat limited morphometric data available for the vasculature of quail embryos (LaRue et al., 2003) .
V Conclusions
This chapter demonstrates that the primary vascular plexus of warm blooded vertebrates is formed through processes operating on various length scales: including sprouting and tissue movements. The formation and rapid expansion of multicellular sprouts is the key mechanism by which disconnected endothelial cell clusters join to form an interconnected network. As the simulation results demonstrate, the proposed hypothesis of cellular attraction to elongated structures can explain a number of empirically observed features of multicellular sprout formation. Thus, it is likely to complement other mechanisms such as chemotaxis and interaction with the surrounding ECM in the determination of endothelial cell behavior. To assay the non-random cell positions, the phase contrast image was segmented in a two-step procedure according to Wu et al. (1995) . As a result, cell bodies appear as black clusters in panel B. The anisotropy of the local cell configuration (panel C) is characterized by a method employing a diffusion process where the diffusion coefficient is distributed according to a longpass filtered version of panel B. The obtained local anisotropy is dependent on the local cell density (panel D). Cell density is characterized by the relative volume fraction, the local volume fraction normalized by the maximal observed value (0.6 for C6 cells). Thus, the unit of relative volume fraction corresponds to confluent cells. As C6 cells are themselves elongated, we compared the obtained data to simulated configurations where each cell body is randomly placed on the plane. While the cell bodies of C6 cells are anisotropic themselves, the configuration of adjacent cells significantly increase the anisotropy if the local cell density is sufficiently sparse (below 30% confluency). 
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